Although the gross effects of insulin on a micromelia are well known, the molecular mechanism of its influence remains largely unexplored. In light microscopic and histochemical studies Daimon (1972 and 1973c) found that a large dose of insulin inhibited differentiating and maturating processes of young chondrogenic cells, because these cells failed to store glycogen in the cytoplasm which might be energy and plastic matter required for differentiation and matrix synthesis.
Electron microscopic and histochemical techniques make it possible to add a new dimension to our knowledge of chondrogenesis in the normal animals (Godman and Porter, 1960; Revel and Hay, 1963; Matukas et al. 1967 ; Anderson, 1969) and in the mutant animals (Jonson and Wise, 1971; Seegmiller et al., 1971 ). However, little work has been done with recent techniques to investigate the effects of insulin on a micromelia (Daimon 1972; 1973a; 1973b) .
Present study was undertaken in order to determine the effects of insulin on the ultrastractural and cytochemical changes of the chondrogenesis and thus to obtain additional data on the mechanism of the action of insulin on a micromelia.
MATERIALS AND METHODS

Animal material
Chick embryos of the white Leghorn strain were used. Experimental embryos were injected with a single dose of 4 units of insulin (Bovine, Shimizu Co., Ltd.) dissolved in distilled water into yolk sac on the 5th day of incubation. The volume of fluid injected was always 0.25 ml. Control embryos received an equivalent volume of distilled water on the same day. These embryos were sacrificed in groups after 2, 5 and 7 days of the administration. Preparation of tissues for structural analysis
The epiphysial growth plate of the tibiotarsus was quickly removed, dissected with a razor blade into small pieces and fixed in cold (4°C) fresh fixative for 2 hours. The fixative used was 4% glutaraldehyde in 0.1 M phosphate buffer at pH 7.4. After fixation the tissue was washed and stored at 4°C in a 0.2 M sucrose solution buffered at pH 7.4 with 0.1 M phosphate for 1 to 12 hours. Post fixation was by 1 % osmium tetroxide in Veronal acetate buffer at pH 7.4 (Caulfield, 1957) for 1 hour. After dehydration in ethanol, they were embedded in Epon 812 (tuft, 1961) . Ultrathin sections were cut on a Porter-Blum-I-ultramicrotome with a glass knife and stained with 2 % uranyl acetate, followed by lead citrate (Venable and Coggeshall, 1965 ) and examined in a Hitachi HS-8 electron microscope. Electron microscopic histochemistry Glycogen:
Thin sections of aldehyde-osmium tetroxide-fixed tissues mounted on gold grids were stained by the periodic acid-thiocabohydrazide-silver proteinate (PA-TCH-SP) method (Thiery, 1969) . Enzymatic extraction of glycogen from thin section: After periodate oxidation and rinsing, thin sections were incubated in 1 % a-amylase solution in 0.1 M phosphate buffer at pH 7.0 at 37°C for 2 to 3 hours (Monneron and Bernhard, 1966). Thin sections were also incubated in saliva for 3 to 4 hours at 37°C. After the enzyme-treatment of saliva-treatment the sections stained according to procedures described above for the detection of glycogen. Acid phosphatase activity:
The tissues were cut into several pieces and fixed for 1 hour in cold 2.5% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 (Sabatini, 1963) . After fixation, the tissue blocks were washed with cacodylate buffer in 0.15 M sucrose and stored at 4°C for 2 to 12 hours. Thin sections were cut with a razor blade and incubated for 1 hour at 37°C in modified Gomori's incubating medium (Barka and Anderson, 1962) . Control sections were incubated in a solution containing 0.01 M sodium fluoride. They were rinsed briefly twice in cacodylate buffer and were postfixed at 4°C for 1 hour in 1 % 0504 buffered to pH 7.4 with Veronal acetate buffer. They were then dehydrated in ethanol and embedded in Epon 812. Acid mucopolysaccharide : The most intense reaction was achieved by exposing the tissue to ruthenium red in both aldehyde and Os04 fixation stages according to Luft (1971) .
RESULTS
Ultrastractural and histochemical observations of the control chondroblasts and cartilage At 7 days of incubation the chondroblasts were arranged in columns in the epiphysial plate of the tibiotarsal anlage (Fig. 1) . Figure 2 shows the fine structure of the chondroblast at higher magnification. The cells were flattened in shapew ith a large round nucleus containing some prominent nucleoli. The Golgi apparatus was well developed with numerous vesicles and large vacuoles. The Golgi vacuoles were 0.1 to 0.3 ,u in diameter and contained fine granular materials. The typical Golgi lamella, however, was not yet prominent. The granular endoplasmic reticula were, also, well developed forming cisterna and showed lamellar configuration . The mitochondria abundant in the cytoplasm were often located close to the granular endoplasmic reticula. In the mitochondral matrix, electron-opaque granules were occasionally observed. Glycogen granules were consistently found in the chondroblasts of the control tibiotarsus after treatment with the PA-TCH-SP-procedure (Fig. 9) . The granules were located between the cisterna of the granular endoplasmic reticula and around the Golgi area. The granules were approximately 200-350 A in diameter and were identical to 3-glycogen granules (Drochman, 1962) . Following treatment with saliva for 3 hours at 37°C or 1 % amylase solution for 2 hours at 37°C, the glycogen granules were totally extracted (Fig. 10) .
Acid phosphatase reaction was found in vesicles of the Golgi complex ( Fig.  14) and in the cytoplasmic dense bodies. Lead phosphate deposits were rarely demonstratable in some of the Golgi vacuoles. Reaction product was not present in the nucleus, mitochondria, endoplasmic reticula, and in the ground cytoplasm. Control slices incubated with 0.01 M sodium fluoride or without substrate, exhibited no reaction product in any of the lysosomes of the chondroblasts. Figure 1 showes the ultrastructure of the cartilage matrix from the flattened cell zone unstained except for the RR/0s4 during fixation. The matrix was much more dense than the cells, homogeneusly distributed throughout the zone and was composed of dense granules and fibrils. At a higher magnification, the matrix granules stained by RR/0s4 were 300 to 750 A and had small fibrillar projections (Fig, 1, insert) . The fibrils measured about 220 A in diameter. There is no evidence of 640 A periodicity. Effects of insulin on the ultrastructural and histochemical featurs of the chondrogenesis 2 days after the treatment:
At low magnification, the chondrogenic cells of the tibiotarsal anlage were varied in shape and in size, and were randomly oriented (Fig. 3) . Intercellular spaces were appreciably reduced on amount than the control (Fig. 1) . The nucleus was round and tended to be larger in relation to total cytoplasm, though the nu- The cell is flattened in shape with a round nucleus (N) containing well developed nucleoli (Nu). The Golgi apparatus is well developed with numerous vesicles (arrow) and large vacuoles (GY).
The granular endoplasmic reticula (ER) are, also, well developed forming cisterna and show lamellar configuration. M, mitochondria. x 19,000.
cleolus was not prominent. As compared to the control in figure 2 , the cell had poorly differentiated cytoplasmic organelles (Fig. 4) . The Golgi apparatus were represented in smaller quantities with stacks of cisterna, small vesicles and vacuoles . However, the Golgi vacuoles were 0.1 to 0.16 µ in diameter and apparently smaller in size and in number than those of control (Fig. 2) . The granular endoplasmic reticula were also not prominent and were present as short channels with a few attached ribosomes. The mitochondria were decreased in number. Occasionally one or two lipid droplets appeared in the cytoplasm (Fig. I1 ).
Clear differences exist between insulin-treated groups and controls in amount of the glycogen-like granules shown after PA-TCH-SP stain (Figs. 9 and 11) . The PA-TCH-SP positive glycogen-like granules decreased conspicuously in number and sparsley distributed around the short channels of the granular reticula (Fig. 11) . The lipid-like droplets showed, however, the PA-TCH-SP positive reaction.
Intercellular spaces were appreciably reduced in amount than the control (Figs. 1 and 3 ). Ruthenium red deposited on the matrix granules and the surface of cells. The matrix granules tend to be smaller in number than the control. 5 days after the treatment:
The cells varied in size and in shape with irregular outline, and arranged in a loose and random configuration (Fig. 5) . At high magnification, the cells showed somewhat degenerative changes characterized by the absence of well-defined organelles (Fig. 6 ). The nucleus was round or oval and the nucleolus was not prominent. Although the Golgi vesicles increased in number than the previous stage (Fig. 4) , the typical Golgi vacuoles were still small in number. The granular endoplasmic reticula were poorly developed and retained the form of small vesicle with moderate electron opaque contents. The mitochondria condensed heavily and were smaller in size than those of the previous stage or the control. Acid phosphatase reaction product had remarkably increased in the cytoplasm than the control (Figs. 14 and 15) . Especially, numerous vesicles and the Golgi cisterna contained reaction product. In addition, deposits of lead phosphate were localized in lipid-like droplets (Fig. 15) . The appearance of the intercellular spaces around these degenerative cells was comparable to that found in the previous stage and in the control (Figs. 1, 3 and 5) . Occasionally large electron opaque spaces devoid of any component of RR positive substances appeared adjacent to the cells (Fig. 5 ). 7 days after the treatment:
The degenerative changes of the cells and matrix became more severe than the previous stages (Figs. 3, 5 and 7) . The cells had remarkably decreased in number and occasionally the fragments of dead cells were observed in those areas (Fig. 7) . At high magnification the cells showed degenerated features (Fig. 8) .
The granular endoplasmic reticula decreased in amount and were retained in the form of hackled cisterna containing electron opaque substance. Though the Golgi apparatus was represented in rather larger quantities than before, it was only composed of stacks of lamellae and numerous vesicles. The typical Golgi vacuoles which were numerous in the control were absent in these cells. The mitochondria were also decreased in amount and heavily condensed. However, lipid-like droplets increased in number than the previous stages (Fig. 8) . The glycogen like granules totally disappeared from the section of these degenerative cells stained by PA-TCH-SP method (Fig. 12) . The lipid-like droplets, however, showed PA-TCH-SP positive reaction. The intercellular spaces had more heterogeneous and large electron opaque spaces had increased in amount than before (Figs. 5 and 7) . At high magnification, the matrix granules conspicuously decreased in number and only traces of them could be seen associated with fibrils (Fig. 7, insert) . However, there was little apparent change in appearance of fibrils compared to the control. The fibrils o a were 250 A in diameter and had no evidence of 640 A periodicity.
DISCUSSION
1. E ffects of insulin on the cytodjfferentiation of the chondrogenic cells Micromelia was a consequence of the injection of insulin into 4 to 5 day chick embryos (Landauer, 1945) . At these susceptible stages the prechondroblasts accumulated at the center of a hind limb bud and formed a precartilaginous plate (Daimon, 1973c) . By day 7, the initial precartilaginous plate were gradually replaced by homogeneous chondrofication centers as indicated by extensive amount of intercellular matrix and by intense metachromasia with toluidine blue at pH 4.1 (Daimon, 1973a and c) .
In the present electron microscopic study the chondrogenic cells of 7 day tibiotarsal anlage (Fig. 2) have well differentiated cytoplasmic organelles resembling chondroblasts described by Godman & Porter (1960) . Especially the Golgi apparatus is well developed and composed of many vesicles and vacuoles. The appearance of the many Golgi vacuoles indicate a high secretory activity of mucopolysaccharide-protein substances revealed by autoradiography studies (Fewer et al., 1964; Godman and Lane, 1964) .
After 2 days of insulin-injection the chondrogenic cells of the anlage (Fig. 4 ) have undifferentiated cell organelles compared with the control. Especially the granular endoplasmic reticula and the Golgi apparatus which are essential for synthesis and secretion of collagen and acid m.ucopolysaccharide (Revel and Hay, 1963) are not prominent. Therefor, large dose of insulin may appreciably inhibit the differentiation of prechondroblasts into chondroblasts.
Degenerative effects of insulin on the chondrogenic cells
The anlage of 10-days embryos injected with insulin on the 5th day of incubation showed the imperfect differentiation of the epiphysial plate and the alterative change began at the central areas revealed by a light microscope (Daimon, 1973c) . After 7 days of infusion the alteration of the central area of the epiphysial plate became more striking than the previous stage. The alteration characterized by the decrease of cell number, irregular arrangement of cells, loss of metachromasia with toluidine blue (Daimon, 1973c) . Present electron microscopic study show clearly that the chondrogenic cells in the altered area are under degeneration. After 5 days of the insulin-injection the cells are characterized by the enlargement of cell size, the osmiophilic nucleus and somewhat degenerative cell organelles (Fig. 6 ) . After 7 days the degenerative changes of the cells have become more severe than the previous stages (Fig. 8) . Marked changes occur in Golgi areas. Though Golgi apparatus is represented in rather large quantities than before, it is only composed of stacks of lamellae and vesicles. The absence of Golgi vacuoles which are numerous in the control correlate with suppression of matrix formation.
Cotreatment with nicotinamide completely relieves teratogenic effects of both insulin and 6-aminonicotinamide (Landauer, 1948 and 1957) . Therefore, it is of interest to compare the ultrastractural changes after the treatment of these two anti-nicotinamide teratogens. Seegmiller et al. (1972) observed the occurrence of unusually distended cisterna of the granular endoplasmic reticulum and absence of Golgi vacuoles in the chondrogenic cells after 6-aminonicotinamide-treatment.
They thought that accumulated product in the granular endoplasmic reticulum might not to be transported to the Golgi and also proposed that after the 6-AN, impaired Golgi might be incapable of accumulating and of sulfating the product prior to export. However, accumulation of product in the granular endoplasmic reticula can not be observed throughout the present study of insulin. The granular endoplasmic reticula retain the form of vesicle and seem rather to be incapable of production. 3. Effects of insulin on the ultrahistochemical features of the chondrogenic cells Glycogen : In the present study, PA-TCH-SP positive granules are constantly observed in flattened chondroblast of the chick embryos (Fig. 9) . As the PA-TCH-SP positive granules are totally digested by amylase or saliva treatment (Fig. 10) , these may be glycogen granules. These granules were 200-350 A in diameter and are identical to 3-glycogen granules (Drochmans, 1972) . They scatter throughout the cytoplasm, especially between the cisterna of the endoplasmic reticula and around the Golgi complex by contrast to the chondroblast of the mammals in which large amounts of glycogen accumulated in the form of irregular agglomerations (Godman and Porter, 1960; Goel and Jurand, 1972) .
The previous histochemical study with a light microscope showed that the prechondroblasts of the insulin-treated tibiotarsal anlage failed to accumulate glycogen in the cytoplasm (Daimon, 1973c ). This event is confirmed by the present ultrahistochemical study. As compared to the control, the PA-TCH-SP positive glycogen like granules decreased conspicuously in number and sparsly distributed around the short channels of the granular reticula 2 days after the insulin-injection (Fig. 11) . It is of interest that glycogen granules totally disappeared from the section of the chondrogenic cells after 5 days of infusion. No glycogen granule can be observed in the cytoplasm 7 days after the treatment (Fig. 12) . From these results it is said that large dose of insulin may inhibit the storage of glycogen in the chondrogenic cells. Lipid droplet : No lipid droplet is seen in the chondroblasts of the control embryos in the present study. This result is in agreement with the previous descriptions at a light microscope level (Greenspan and Blackwood, 1966 and Hall, 1968) . It is very interesting that lipid droplets are constantly observed in the chondrogenic cells of the insulin-treated embryos and, moreover, they increased in number with ageing after the treatment (Figs. 11 and 12 ). As these lipid droplets show PA-TCH-SP positive reaction even after amylase digestion, they may belong to carbohydrate-containing glycolipid group. Acid phosphatase reaction is also demonstrated in these droplets (Fig. 13A-C (Thyberg, 1972) . Present study shows that lead sulfate deposits are mainly localized in dense bodies and vesicles of the Golgi complex of the control chondroblasts (Fig. 14) . Acid phosphatase activity has conspicuously increased in the degenerating chondrogenic cells after the insulin treatment (Fig. 15) . Lead phosphate deposits are found in the Golgi complex, lipid droplets and autophagic vacuoles. Especially reaction product is observed in the cisterna and vesicles of the Golgi complex. According to Novikoff et al. (1971) , GERL cisterna shows acid phosphatase activity and lysosomes appear to bud from GERL. After 2 days of insulin treatment the formation of matrix is apparantly delayed than control characterized smaller intercellular spaces (Fig. 3) . Especially matrix granules decrease in number and are sparsely attached to fibrils. Striking changes occur in the matrix 5 days after the treatment. Matrix becomes heterogeneous and large opaque space appear (Fig. 5) . After 7 days of injection these changes have become more severe and matrix shows unique net-like configurations (Fig.  7) . At higher resolution these net-like configurations are composed of bundles of collagen fibrils. It is of interest that matrix granules remarkably decreased in number than previous stages and only traces of them can be seen associated with fibrils (Fig. 7, insert) . These changes of matrix granules are in good agreement with a loss of metachromasia.
Mechanism of the teratogenic action of insulin
Although there is general agreement that insulin produce abnormalities in chick embryos in vivo and in vitro, the mechanism of the teratogenic action of insulin is still not clear. Landauer (1948) showed to be able to modify its teratogenic effect with nicotinamide and 9-ketoglytaric acid. Landauer and Rhodes (1952) proposed that insulin-induced abnormalies were brought about by interference with oxidative phosphorylation of carbohydrates. Barron and Mckenzie (1962) suggested that nicotinamide dinucleotide (NAD) protected the embryos from damage by removing hydrogen from the reduced forms of NAD and NADP which were formed in excessive amounts due to the stimulatory action probably on the pentose phosphate pathway.
It has been suggested that one of the actions of insulin may be as an uncoupling agent in energy transfer (Randle and Smith, 1958a and 1958b) and some support for this may be found in experiments caned out by Landauer and Clark (1964). These authors showed that 2, 4-dinitrophenol (DNP) and other uncopiers of oxidative phosphorylation potentiate the teratogenic effects of insulin on the chick embryo developing in ovo, although they are non-teratogenic when given alone. Reporter and Ebert (1965) , using the Spratt culture technique, failed to detect any abnormalities at concentrations of DNP between 0.1 and 10.0 glml. Bowman (1967) demonstrated that much higher concentrations of DNP caused a syndrome of abnormalities in some way similar to those of insulin though a more drastic effect.
If the prechondroblasts after the insulin-treatment have reduced oxidationreduction energy exchange, they would produce sufficient high energy bounds required for cytodifferentiation and synthesis of cartilage matrix. One of the most interesting findings in this electron microscopic study is the imperfect formation of the granular endoplasmic reticula and the Golgi apparatus, especially, the Golgi vacuoles (Figs. 4, 6 and 8 ). These observations suggest that initial synthesis of protein-polysaccharide and tropocollagen are inhibited. Of perhaps greater interest is the failure of chondrogenic cells treated with insulin to store glycogen. Glycogen provides both energy and plastic matter required for mucopolysaccharide and protein synthesis (Kobayashi, 1971) . Failure of the cells to use glycogen may be a prelude to cellular degeneration. Both the inhibition of acid mucopolysaccharide-protein complex secretion and cellular necrosis may result in the degeneration of matrix in the insulin-treated embryos.
